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ABSTRACT
Microbial communities are ubiquitous in every ecosystem on earth, but the social
interactions within these communities have only recently become a topic of
investigation. Biofilms, the most common growth pattern found in nature, offer an
exciting opportunity to study these interactions in a complex, spatially structured
environment. This series of investigations explored the relationships between
chemical warfare, a common competitive strategy, the three-dimensional spatial
structure found in biofilms, and the phenotypic variation common in natural
communities using Saccharomyces cerevisiae as a model organism. In the first
set of experiments, the competitive effects of toxin production and biofilm
formation were measured in well-mixed liquid environments, simple agar
colonies, and complex biofilm colonies. Spatial structure strongly influenced the
final community composition, with significant differences found between the liquid
and agar substrates in the majority of cases. Toxin proved to be most effective
against competing strains in spatially structured environments, regardless of
biofilm formation. In the second set of experiments, the effect of adding a third,
toxin-resistant strain was assayed in the same sets of growth conditions. It was
expected that in spatially structured conditions, the resistant strain would
passively form a physical barrier between the sensitive and toxin-producing
strains, thus increasing the fitness of the sensitive strain. The results from these
trials indicated that the relationships within these three-strain communities were
much more complex than in two-strain communities. The resistant strain acted
primarily as a competitor in all cases, and variation in the competitive outcomes
of the trials was high. These results suggested when studying communities with
multiple lineages, a combination of cell-level fitness metrics and whole-colony
spatial analysis is a more appropriate analysis framework. These investigations
contributed to an area of study with high ecological and evolutionary relevance
but little existing knowledge, and opened new avenues for future research
concerning microbial communities.
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Chapter I: Introduction and Review of Literature

1

Microbes are pervasive in virtually every environment on Earth and have
long been studied in planktonic form in the laboratory, but only recently have
investigators understood that they are highly social organisms that form complex
communities (West et al., 2007). The earliest records of life on Earth are fossils
of metabolically diverse prokaryotes living contemporaneously in sizeable
microbial mats (Schopf et al., 2018). dAs in larger organisms, microbes may
engage in a variety of cooperative and competitive behaviors. Many species
produce structurally and metabolically important molecules that are publicly
available and allow the community to flourish, such as iron-fixing siderophores
and protective polysaccharides (Costerton et al., 1995; Winkelmann, 2002). In
predatory or pathogenic microbes, groups often coordinate their behavior to
increase nutritional gain beyond what a single individual could acquire; examples
include myxobacteria capturing prey by swarming and digesting them
extracellularly (Shimkets, 1990) and Pfiesteria dinoflagellate’s timed toxin
releases, which can kill millions of fish over multiple square kilometers
(Burkholder and Glasgow, 1997). Cooperation also extends to reproduction and
dispersal in some species. A famous case of this is the fruiting body of
Dictyostelium slime molds, formed during starvation conditions, wherein only a
subset of cells produce spores and the rest die to form a stalk that aids in
dispersal (Strassmann et al., 2000). In some cases, cooperative behaviors may
not be limited to one species, as in the coaggregation of metabolically synergistic
microbes (O’Toole et al., 2000). However, cooperation also leaves the population
vulnerable to cheating mutants, which do not contribute to the cooperative
2

behaviors and therefore benefit at no cost (Popat et al., 2012). Cheating has led
to the evolution of many different behaviors that exclude cheating phenotypes
and aid cooperating phenotypes (Damore and Gore, 2012). Many species have
“green beard” systems that recognize and cooperate with others sharing a
specific genotype (Strassmann et al., 2011).
The types of social interactions taking place in a community are influenced
by both the lineages present and the surrounding environment. Spatial
structuring is well-established to influence broader properties of a community in
both macroscopic and microscopic organisms (Nadell et al., 2016). This is
especially pronounced for sessile organisms, where most social interactions
occur between immediate neighbors (Lion and Baalen, 2008). In asexually
reproducing organisms, clonal patches may passively generate as cells remain
where they divide, and they are actively selected for because they increase the
likelihood of aiding close kin rather than competing strains (Popat et al., 2012).
Cheating mutants, which benefit from public goods production without producing
the goods themselves, can therefore be spatially excluded. In spatially structured
communities, competitive relationships are defined primarily by an individual’s
immediate neighborhood, rather than the global community composition.

Biofilms as cooperation and competition
Biofilms are a classic example of a cooperative microbial community with
strong spatial structure. They are defined as “matrix-enclosed bacterial
populations adherent to each other and/or to surfaces or interfaces” (Costerton et
3

al., 1995) and are ubiquitous throughout nature. Biofilm formation requires
extensive cooperation due to the cost of producing the matrix components,
coordinating growth, and specializing in cellular function (Flemming and
Wingender, 2010). In turn, biofilm characteristics offer protection from
environmental hazards and can give constituent cells a competitive advantage by
pushing them to new nutrient-rich territories (Xavier and Foster, 2007). Biofilms
are frequently composed of multiple species and may form by co-aggregation of
metabolically complimentary strains (Crespi, 2001). The conditions necessary for
biofilm-forming traits to be selected for, as well as their impact on the microbial
communities that form them, are a fascinating ecological and evolutionary
question.

Biofilm characteristics
All biofilms show complex architecture, social behaviors, and functional
differentiation within the community. Typically, biofilms form by attaching to a
solid surface, but they can also form at liquid-air interfaces (Costerton et al.,
1995). The extracellular matrix, consisting of extracellular polymeric substances
(EPS) secreted by constituent cells, is composed of some proportion of
polysaccharides, proteins, nucleic acids, lipids, and water (Flemming and
Wingender, 2010). The matrix immobilizes cells, allows for distribution of
resources, and provides the basis of the biofilm’s characteristic complex
architecture. This three-dimensional architecture provides a controlled
environment for processes such as cell-cell communication, nutrient digestion,
4

waste modulation, and reproduction, while also protecting the cells from
environmental hazards. In bacterial biofilms, the extracellular DNA (eDNA) plays
an active role in microbe aggregation and horizontal gene transfer; eDNA is also
present in fungal biofilms, but genetic exchange occurs primarily through mating
and cell fusion. The complex architecture of the matrix allows for the formation of
microhabitats where cells can alter their immediate environment to suit their
needs, promoting species diversity (Flemming and Wingender, 2010). This
structural and biological heterogeneity makes biofilms much more resilient
against environmental effects and antimicrobial agents than planktonic cells (Lee
et al., 2014).
Another key aspect of biofilm formation is functional cell differentiation
through space and time. This characteristic is found in both bacterial (Stoodley et
al., 2002) and fungal (Blankenship and Mitchell, 2006) biofilms. Five stages of
maturation have been delineated in Pseudomonas aeruginosa biofilms and are
broadly applicable to most species; these are (1) reversible attachment, (2)
irreversible attachment, (3) maturation-i, (4) maturation-ii and (5) dispersal
(Sauer et al., 2002). Each phase is associated with morphological and genetic
changes in the constituent cells, including motility changes, up- and downregulation of proteins, and variation in growth patterns. In fungal biofilms, the
cells adopt a hyphal growth form that further enhances the three-dimensional
architecture and stabilizes the community (Blankenship and Mitchell, 2006).
Cellular differentiation also contributes directly to drug resistance in all stages of
biofilm development. Mateus et al. (2004), in a study of Candida albicans, found
5

that within 15 minutes of attachment to a substrate, proteins associated with drug
efflux pumps are upregulated and resistance to antimicrobial agent fluconazole is
increased 100-fold. In mature C. albicans biofilms, LaFleur et al. (2006)
consistently found subpopulations of persister cells that were resistant to multiple
antifungal and antiseptic agents; after mechanically detaching and reseeding the
biofilms, a new subpopulation of persister cells formed, indicating that this was a
natural phenotypic variation found in biofilms. These cells were not detected in
populations of either exponentially growing or stationary planktonic cells and the
drug resistance was unrelated to expression of drug efflux pumps (LaFleur et al.,
2006).
Most biofilm research has been conducted on bacterial systems, focuses
on clinically important species and centers on human health or industrial fouling
(Costerton et al., 1995). Additionally, most studies are conducted using bacterial
biofilms. Cells in fungal biofilms engage in many of the same social interactions
as bacterial biofilms along with the more complex cellular processes found in
eukaryotes (Fanning and Mitchell, 2012). Fungal biofilms offer a unique
opportunity to study the principles of sociality in eukaryotic organisms and may
give insight into the evolutionary origins of higher-level cooperation.

Chemical warfare
Production of molecules that inhibit growth or kill cells in competing strains
is a ubiquitous competitive strategy in microbes. Chemical warfare systems are
found in both fungal and bacterial species and consist of many different
6

molecules with diverse modes of action (Lenski and Riley, 2002). These toxins
are well-known to affect community composition and biodiversity and can lead to
a variety of outcomes depending on the microbe strains present, the initial
densities of each strain, and the environmental conditions (Czárán et al., 2002).
Importantly, toxin production has been found to increase biodiversity under
certain conditions (Czárán et al., 2002) and promote the evolution of public
goods cooperation (McNally et al., 2017).
In natural environments, chemical warfare typically co-occurs with and
likely evolved in spatially structured environments. As such, understanding toxin
action within a structured community is central to understanding the competitive
advantages it confers. Weber et al. (2014) showed that effective toxin range was
a determining factor in the growth of simple mixed-strain colonies on an agar
medium. Biofilm architecture allows vertical growth and adds further dimensions
to the spatial effects of toxin.
About 10% of S. cerevisiae strains express yeast-specific toxins, which
are lethal to neighboring cells (Magliani et al., 1997); they are likely important in
structuring natural yeast communities, as about 25% of strains are resistant to
these toxins (Pieczynska et al., 2013). Three killer toxins have been
characterized: K1, K2, and K28. K1 and K2 have differing structures but both
attack sensitive strains by binding to the cell wall and forming anion-cation
channels, which upsets intracellular ion concentration and causes death (Schmitt
and Breinig, 2006). Although less studied, K28 appears to cause nonseparation
of daughter cells and leads to cell cycle arrest (Schmitt et al., 1996). The toxins
7

are produced at a wide range of pH values but require low-pH environments to
fold into their active configurations (Lukša et al., 2016). The intracellular
precursors of these toxins confer immunity to the cells that produce them,
allowing them to decrease the fitness of other strains without ill effect. Toxin
production can also be induced in non-producing strains by transforming them
with the complementary DNA of the killer toxin virus (Magliani et al., 1997). Due
to their convenient model system and ease of manipulation, S. cerevisiae killer
toxins are an excellent opportunity to study the interplay of chemical warfare and
biofilm formation.

Investigation
The interactions between different social strategies in microbial
communities are relatively unstudied, but have important ecological and
evolutionary implications. Additionally, these communities offer the chance to
study these interactions in near-theoretical conditions. This investigation aimed to
answer the question: how do chemical warfare and biofilm formation interact to
affect the growth and diversity of complex, spatially structured microbial
communities? I hypothesized that overall, spatial structure would change the
competitive relationships between strains with resistant, sensitive, and toxinproducing phenotypes and promote biodiversity under some growth conditions. I
also expected that in some conditions, the presence of a resistant strain would
be advantageous for a sensitive strain by passively forming a refuge and
conferring protection from the toxin.
8

The model species Saccharomyces cerevisiae and its endogenous K2
killer toxin system was chosen as the experimental system. Diploid
environmental isolates from woodland, brewery and clinical backgrounds were
selected instead of lab-generated isogenic strains to more closely mimic the
dynamics of a natural system. The strains were transformed with red, green, or
blue fluorophores to differentiate them using fluorescent microscopy. I was
therefore able to track the growth of each strain both in spatial and numerical
terms and use actual cell frequencies for each strain as input data, rather than
relying on proxies for growth such as surface area or streaking for isolated
colonies.
In the first chapter of this investigation, I focused on the effects of a wellmixed versus spatially structured environment on the competitive ability of
sensitive strains in direct competition with a toxin-producing strain. The spatially
structured environments included non-biofilm conditions, which allowed only twodimensional growth, and biofilm conditions, which allowed three-dimensional
growth. In the second chapter, I studied the addition of a third, resistant strain to
the competitive dynamic and how it changed the overall growth and assembly of
the community.
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Chapter II: Biofilm formation and toxin production as competitive strategies in
spatially structured two-strain communities

10

Introduction
Spatial structure is a fundamental aspect of most microbial and macrobial
communities that strongly influences competitive dynamics (Fletcher and Fortin,
2018). Investigations on the microbial level are complicated by the difficulty of
studying the spatial arrangement of cells on such a small scale, but advances in
microscopy and fluorescent tagging have allowed real-time spatial analysis of
microbial communities. The interplay of spatial structure and toxin is less studied
but sporadic investigations have shown that they are strongly related. Chao and
Levin (1981), in an experiment competing colicinergic E. coli strains against
sensitive strains, found that in a well-mixed liquid culture, the advantage
conferred by toxin production depended mostly on the starting frequency of the
toxin strain. However, on a structured agar matrix, the colicinergic strain
outcompeted the sensitive strains even at very low starting frequency. This was
attributed to the availability of nutrients derived from dead cells; in a well-mixed
environment, the nutrients were circulated between the strains evenly, but in a
spatially constrained environment, the colicinergic strain had primary access to
these resources.
Very little literature exists that directly studies the relationship between
biofilm formation and toxin production as competitive strategies. Deschaine et al.
(2018) investigated this relationship with competitions using environmental S.
cerevisiae isolates, some that formed biofilms and some with naturally occurring
toxin phenotype. Biofilm formation alone significantly increased a strain’s ending
frequency in a community compared to non-biofilm formers. Toxin production
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was effective against biofilm-forming strains, but survival and access to new
territory were both significantly higher with biofilm formation compared to without.
Both sets of results likely arose because of the three-dimensional architecture of
a biofilm, which allows additional routes for growing into new, colonizable
territory.
This investigation aimed to quantify the fitness effects of spatial structure,
both two dimensional and three-dimensional, in a range of environmental
conditions. In this study, both biofilm-forming and non-biofilm-forming toxin
producing strains were used in competition assays. I hypothesized that,
consistent with previous literature, toxin-producing strains would show more
competitive domination in spatially structured environments, but that biofilm
formation would be protective for sensitive strains.

Methods
All experiments were conducted using two sets of strains: one set of three
facultatively biofilm-forming strains, and one set of strains naturally unable to
form biofilms. Within each set of three, one strain was naturally sensitive to toxin,
one was naturally resistant to toxin, and one was transformed to produce toxin.
The non-biofilm-forming strains were used to 1) study the effects of twodimensional spatial structure on community organization and 2) control for the
metabolic costs of expressing biofilm phenotypes.

Strain Selection
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Diploid Saccharomyces cerevisiae strains from laboratory collections that
were originally isolated from variety of ecological and genetic backgrounds were
screened for biofilm formation and K2 toxin sensitivity. Biofilm formation was
assayed by growing cultures overnight in yeast peptone dextrose broth (YPD) in
96 well plates, diluting cultures to 10-3 in sterile deionized water, and pinning onto
low dextrose YPD medium (LD) 2% agar OmniTrays using a 96-pin multi-blot
replicator. The colonies were grown for two days at 30° Celsius and qualitatively
assayed using the colony morphology scale developed by Hope and Dunham
(2014). Only strains showing strong complex morphology (score of 4-5) were
used as biofilm-forming strains in this investigation; likewise, only strains with
simple morphology (score of 0-2) were used as smooth strains.
After biofilm screening, the strains were assayed for K2 toxin resistance or
sensitivity using a halo assay adapted for toxin production. The strains being
assayed were plated at low density (10-3 to 10-5) using sterile beads and a small
amount of high-concentration toxin-producing strain was plated in discrete areas;
non-resistant strains showed a zone of growth inhibition (halo) surrounding the
toxin-producing strain. Only strains showing strong growth inhibition were used
as sensitive strains, and only strains showing no growth inhibition were used as
resistant strains. Strains used in this study and their characteristics are listed in
Table 1.
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Strain

Biofilm character

Toxin character

Fluorescent tag

HMY12

Biofilm-forming

Sensitive

mCherry

HMY456

Biofilm-forming

Toxin-producing

GFP

HMY481

Smooth

Toxin-producing

GFP

HMY535

Smooth

Sensitive

mCherry

Table 1. Strains used in this series of experiments, their natural biofilm
characteristics, their toxin characteristics, and the fluorescent protein they were
transformed with.

Transformations with K2 cDNA and fluorescent proteins
A DNA cassette containing the ADH1 promoter, the complementary DNA
of the K2 toxin virus, the ADH1 terminator, and KanMX (an antibiotic resistance
cassette) was generated in a pRS313 backbone, creating plasmid pHM4. This
plasmid was used as a template for PCR with primers that targeted the cassette
to the HO gene (for: 5'
CCAATACAGCATAGTCTACCACGTTAGTCAACCATTCATCTCTTTTGTTGTTT
CCGGGTGT 3', rev: 5'
CTTTGGCGAACTACCCAGTGAAATGATTGTCAATGGCAAGACGACACTGGA
TGGCGGCGT 3'). One strain with complex colony morphology and one with
simple colony morphology were each transformed with this cassette using lithium
acetate and single-stranded carrier DNA (Gietz and Woods, 2006). Toxin
production was verified using the halo method (Figure 1b).
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To distinguish between strains, each strain was transformed with a
cassette containing a different fluorescent gene fused to the terminal end of
PGK1, and either a KanMX or HygMX antibiotic resistance cassette. The toxincontaining strains were transformed with GFP and the sensitive strains with
mCherry.

Media
Four types of growth medium were used in each set of experiments: yeast
peptone dextrose (YPD), low-dextrose yeast peptone dextrose (LD), low-pH
yeast peptone dextrose (LYPD), and low-pH low-dextrose yeast peptone
dextrose. The low-dextrose medium was used to induce biofilm formation and the
low-pH medium was used to allow toxin action. For agar-based medium, 2% agar
was added to broth mix. Before assays were begun, strains were grown
overnight with rotation in YPD broth, then diluted to 10-2 in sterile deionized water
in the ratios and combinations found in Table 2. After dilution, the starting colony
mixtures were photographed with a Zeiss Axioscope and a CMOS camera in a
Hausser Scientific hemocytometer.

Strain 1

Strain 2

Ratios (strain 1:strain 2)

HMY12

HMY456

1:1, 1:4, 1:9, 4:1, 9:1

HMY481

HMY535

1:1, 1:4, 1:9, 4:1, 9:1

Table 2. List of two-strain pairings and the ratios by volume of overnight culture
assayed.
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Liquid and agar competition assays
All starting colony mixtures were plated with a 96-pin multi-blot replicator
onto either four 96-well plates (liquid) or four OmniTrays (agar), each containing
one of the four types of medium described above. All wells adjacent to the
inoculated wells were left empty to allow colony expansion and wells along the
edge of the plate were not used to prevent edge effects (Figure 1a). Colonies
were grown to 8-10 mm in diameter (about 5 days), then photographed with a an
Olympus SZX16 and harvested whole with the apparatus shown in Figure 1c.
The agar plugs were then manually broken up with forceps, vortexed with glass
beads, and sonicated with a UP200St sonicator with a Vial Tweeter attachment
in three 10-second bursts to homogenize the solution as much as possible for
photography. Liquid competition assays were grown in 200 uL of medium in 96well plates to carrying capacity on rotation at 220 RPM at room temperature.
After 18 hours (for normal-dextrose media) or 30 hours (for low-dextrose media),
cultures were diluted by 10-1 to facilitate clear photography and reduce
autofluorescence of media. The cells composing each colony or well were then
photographed with Zeiss Axioscope and a CMOS camera in a Hausser Scientific
hemocytometer. A diagram detailing sample sizes, growth conditions, and
replication methods can be found in Figure 2.

16

Figure 1. Materials and methods in spatially structured colonies. a) Layout
of agar competition assays. b) A toxin-producing strain showing zone of growth
inhibition (halo). c) Apparatus used to harvest whole colonies
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Figure 2. Factors and levels of experimental design. a) The four factors and
explanations of their levels. b) A diagram of the factors and levels (ordering
arbitrary) with the number of experimental units in each treatment group. The
total number of treatment groups is 32.

Photograph analysis and determination of ending frequency
Images were processed in ImageJ in batches to reduce variability
between individual images. Thresholds were determined qualitatively for each
batch to reduce noise without losing information. The Watershed function was
applied to binary images after thresholding to segment large groups or chains of
cells and allow them to be counted properly (Figure 3) The cell number was
counted with the Particle Analysis function with a minimum countable area of 80
pixels-squared. The number of cells belonging to each strain was then divided by
the total number of cells to determine the starting and ending frequencies of each
strain.

Figure 3. Image processing. a) True-color image of sensitive strain. b) Inverted
binary image. c) Binary image with Watershed function applied.
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Statistical Analysis
Typically in microbial studies, the growth rate is measured during the logarithmic
growth phase of a liquid culture (Figure 4a) and the rates are compared to
determine relative fitness. In this investigation, many of the characteristics of
interest appear only as the culture approaches the carrying capacity (i.e., in a
colony whose growth has slowed or stopped) (Figure 4b). Both growth rate and
the community composition at carrying capacity are important for describing
these characteristics. Thus, the relative performance of each strain was
assessed using the change in frequency of cells belonging to the strain over the
course of the assay, as follows:
∆𝐹 = 𝐸𝑛𝑑𝑖𝑛𝑔 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 − 𝑆𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

Figure 4. Example of a microbial growth curve over time with a carrying capacity
of K. a) Logistic growth phase, where most studies collect growth metrics. b)
Stationary phase at carrying capacity, where this investigation collected growth
metrics.
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Due to the extreme unevenness of the sample sizes, a rarefying and
resampling method was necessary to avoid confounding results. (Note: the
rarefaction method used in this investigation is unrelated to the ecological
technique of rarefaction, which is used in measuring species richness
(Simberloff, 1978). Within each of the 32 treatment groups, the desired sample
size was set to 15 to match the size of the smallest groups. Each of the larger
treatment groups (n>=60) was randomly resampled without replacement in a
subset of n = 15 a total of 1000 times. One subset from each treatment group
was then combined with the smaller treatment groups to generate a new dataset
where for each group, n ≈ 15. This was repeated without reusing the resampled
subsets to generate a total of 1000 unique balanced datasets. Resampling and
subsequent data analysis were performed using R v3.6.1.
Each dataset was then analyzed using a factorial ANCOVA (type I sum of
squares) with the change in frequency of the sensitive strain as the response
variable. The starting frequency of the sensitive strain was classified as a
covariate and strain, culture type, substrate type, and medium were classified as
categorical predictors (see Figure 2). The least-squares means of the treatment
groups were used for pairwise contrasts between groups within each dataset. Pvalues were adjusted using Tukey’s Honest Significant Difference to account for
multiple comparisons. After all 1000 analyses were completed, the average pvalue for each least-squares mean comparison was taken as the overall p-value
for difference in mean change in frequency between groups. Linear regression
analyses were performed using untransformed, unresampled data.
21

In monocultures, calculating a change in frequency for each strain
conventionally was by definition impossible. To allow meaningful comparison
between monocultures and mixed colonies at carrying capacity, an indirect
method of calculating the change in frequency was devised. Each monoculture
was processed and photographed identically to the mixed cultures, and the
resulting cell counts were artificially paired with monocultures of the competing
strain to generate beginning and end frequencies. This produced a comparison
between the carrying capacities of the two strains when not in direct competition
with each other, but only utilizing the available nutrients. For each monoculture of
one sensitive strain, this comparison was repeated with every monoculture of the
competing strain; the average of all these changes in frequency was then used
as the datum for that monoclonal experimental unit. The average was chosen as
the datum rather than one random pairing to avoid biologically meaningless
variance due to chance in the dataset. These data generated set of changes in
frequency equal to the number of monocultures that simulated the outcome of
“competition” in monoculture conditions and allowed comparison with directly
competing cultures.

Results
To determine the interactions between toxin production and biofilm
formation in spatially structured environments, competitive assays were
performed on both liquid and agar substrates. Within these substrates, dextrose
supply and pH were manipulated in the medium to generate four conditions: high
22

dextrose (YPD), low dextrose (LD), low pH + high dextrose (LYPD), and low pH +
low dextrose (LLD). Lack of dextrose induces biofilm formation in strains capable
of it and low pH is required for toxin molecules to fold into active configuration;
thus, the four growth conditions were 1) -biofilm induction/-toxin action, 2)
+biofilm induction/-toxin action, 3) -biofilm induction/+toxin action, and 4) +biofilm
induction/+toxin action. The baseline growth of each strain in each set of
conditions was quantified using monocultures in those conditions (Figure 5; see
explanation of monocultures in Materials and Methods). These data were then
used to compare to the direct competitions of strains grown on liquid or agar
substrate from a mixed inoculum. As the method of calculating change in
frequency in monoculture depended entirely on cell density at carrying capacity,
there was no strong relationship between starting and ending “frequency” under
any experimental condition. Ending frequencies significantly above or below 0.5
suggested that the strain was more or less dense, respectively, than the
competing strain at carrying capacity, but did not necessarily suggest stronger or
weaker competitive ability.

23
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Figure 5. Regressions of ending frequency with starting frequency as predictor in
monocultures for each experimental condition. Medium types are color coded.

Mixed cultures competing toxin-producing and sensitive strains directly
against each other were analyzed and the compared both to each other (Figures
6, 7) and to their monoculture counterparts (Figure 8).
In the majority of cases, the ending frequency of the sensitive strains was
significantly lower with active toxin than without active toxin (Figures 6, 7)
suggesting that toxin production does confer a fitness advantage in most
environments. An exception to this was the biofilm-forming Strain 12 in a liquid
substrate, where none of the media were significantly different from each other.
This may be due to the increased availability of resources in liquid as suggested
by Chao and Levin (1981); if Strain 12 is especially efficient at utilizing these
resources, the benefit conferred by liquid substrate may be greater than the cost
imposed by toxin. Additionally, in the presence of toxin, the sensitive strain ended
at a lower frequency on the agar substrate than in liquid, suggesting that toxin
was more effective in the spatially structured environment. This is also consistent
with Chao and Levin's (1981) findings that spatial structure increased toxinproducing strain’s competitive ability. Surprisingly, biofilm formation in the
presence of toxin on agar did not increase the frequency of the sensitive strain
according to a factorial ANCOVA; this contrasts with Deschaine et al.'s (2018)
findings.
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Figure 6. Regression of ending frequency of sensitive strains to starting
frequency of sensitive strains in liquid and agar substrates.
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Figure 7. Comparisons of least-squares mean between media within substrate
(top) and within substrate between media (bottom). 0 = liquid, 1 = agar substrate.
* = p<0.05, ** = p < 0.01, *** = p<0.005.
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Figure 8. Comparisons of least-squares means of change in frequency between
monocultures (light blue) and mixed cultures (dark green). * = p<0.05, ** = p <
0.01, *** = p<0.005.
Strain 535 grew poorly in most mixed cultures and especially on agar
substrate. These results suggest that it reaches carrying capacity more slowly
than the competing toxin strain and makes meaningful comparisons to Strain 12
more difficult. However, the difference between the high-dextrose toxin medium
and high-dextrose non-toxin medium mirrors the results seen with Strain 12 and
further supports Chao and Levin (1981). A notable deviation from the expected
results is Strain 535 in low-dextrose liquid, which had significantly higher ending
fitness with active toxin than without. Experimenter error may have contributed to
this result, as there is no apparent biological explanation for this.
A particularly interesting aspect of the results is an apparent shift in the
distribution of ΔF of Strain 12 in the high-dextrose toxin medium. A starting
frequency between 0.3 and 0.5 appears necessary for any positive change in
frequency to occur. The relationship does not appear to be purely linear or
purely logistic, and attempts to describe the distribution of the ending frequencies
have been inconclusive. When data with starting frequencies <0.35 are removed,
the relationship appears to be linear, suggesting that the sensitive strain must
begin with a higher frequency to persist in the presence of toxin.
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Figure 9. Analysis of Strain 12 Agar + LYPD treatment group. a) A regression
comparing the regression of starting frequency to ending frequency of all data in
Strain 12’s Agar + LYPD treatment group, vs only data with a starting frequency
>0.35. b) A graphic describing the distribution of ending frequencies in the
treatment group. The data do not fit any one theoretical distribution well.
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Discussion

The objective of this investigation was to quantify the effects of spatial
structure and toxin production on the growth and composition of mixed S.
cerevisiae cultures. It was expected that, in agreement with previous literature,
spatial structure would give toxin-producing strains a competitive advantage, but
biofilm formation would be protective for sensitive strains. In the course of the
experiment, the results were complicated by highly diverging growth rates
between the two sensitive strains tested and by uneven sample sizes. However,
several firm conclusions can be drawn and interesting new avenues for further
research are presented.
The experimental results supported a strong role for spatial structure in
the development of mixed-strain communities. In 5 out of 8 treatments, the mean
change in frequently was significantly different between liquid substrate and agar
substrate. Additionally, the variance of the agar treatment groups was higher
overall. These results indicate that community assembly in a spatially structured
environment follows different processes than in a well-mixed environment, and
that local processes are much more powerful with spatial structure. In the biofilmforming sensitive strain (Strain 12), biofilm formation did not affect the strain’s
ending frequency. This may suggest generally that biofilm formation does not
strongly affect community assembly; however, as the toxin-producing strain that
Strain 12 was competed against also formed biofilms, comparing biofilm and
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non-biofilm competitions of Strain 12 to each other may not reveal any
advantages to biofilm formation alone. (See Deschaine et al. (2018) for an
example of a non-biofilm-forming toxin strain competed against a biofilm-forming
sensitive strain).
Overall the ending frequencies of the sensitive strains with active toxin
were much lower than without toxin on agar substrate, but were not significantly
different in liquid culture. This is consistent with previous literature, where toxinproducing strains were most competitively dominant in spatially structured
environments. Contrary to Deschaine et al. (2018), biofilm formation in the
presence of toxin by Strain 12 did not appear to be protective against toxin
effects. The mean change in frequency in biofilm-inducing medium was not
significantly different from the mean without biofilm induction. As stated
previously, this may be due to biofilm formation by the toxin-producing strain; if
both strains are capable of three-dimensional growth, the ability to grow above
the toxin-producing strain does not necessarily offer an escape route to new
territory.
This investigation tested previous conclusions derived from bacterial or
theoretical studies in a fungal system and generated further support for the role
of spatial structure in the assembly of ecological communities. Additionally, this
investigation contributed to the small but growing body of literature concerning
killer yeast toxins and their role in ecology and evolution. The lack of knowledge
surrounding this topic has been noted as a serious detriment to scientific
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understanding of a very common model organism (Boynton, 2019); with
conclusions derived here, further investigation of this phenomenon can proceed.
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Chapter III: Toxin and biofilm formation in three-strain communities with
phenotypic variation

34

Introduction
Unlike artificial laboratory specimens, natural biofilms often consist of
multiple genetic lineages and species (Costerton et al., 1995). The variation in
genotypes and phenotypes creates potential for interesting ecological and
evolutionary interactions. Variation in sensitivity or resistance to microbial
anticompetitor toxins can greatly alter the competitive dynamics in a community
(Chao and Levin, 1981; Weber et al., 2014) and in some cases promote
biodiversity (Czárán et al., 2002; Kerr et al., 2002). Relatively little is known about
the consequences of this genetic heterogeneity in the context of chemical
warfare, and the intersection of this variation with biofilm formation is mostly
unstudied.
The concepts of competitive hierarchy and transitivity of competition are
central when studying communities of multiple competing lineages. Competitive
hierarchy describes the ability of a given competitive trait for each lineage relative
to the others (Goldberg and Landa, 1991). The competitive hierarchy is not
necessarily the same for each competitive trait. Transitivity of competition is the
related concept that pairwise competitive dominance does not necessarily predict
dominance among all other pairs; that is, if A dominates B, and B dominates C, A
does not necessarily dominate C (Dormann, 2007). Investigation of competitive
hierarchy and transitivity suggests that biodiversity relies heavily on nontransitive
relationships in many systems (Goldberg and Landa, 1991; Gross et al., 2015).
Although they are not well-studied in microbes, it is reasonable to assume
that these properties also play a role in determining biodiversity and coexistence.
35

Friedman et al. (2017) compared the qualitative (survival/nonsurvival) outcomes
of pairwise competitions between 8 strains of bacteria to outcomes when 3 of the
strains were competed together in small, well-mixed liquid cultures. In
approximately 90% of cases, the pairwise outcomes were able to accurately
predict the trio outcomes, suggesting that well-mixed communities follow a
relatively strict competitive hierarchy.
Spatially structured studies involving chemical warfare have yielded more
conflicting results. Kerr et al. (2002) found that when the competitive ability
followed a “rock-paper-scissors” toxin-sensitive-resistant dynamic (Figure 10),
spatially structured environments allowed all three strains to coexist in patches.
In a well-mixed liquid environment the resistant strain quickly outcompeted both
the sensitive and toxin-producing strain, contrary to Friedman et al.'s (2017)
finding. Importantly, Kerr et al. (2002) inoculated the colonies with isolated singlestrain droplets, rather than with a heterogeneous mixture. Weber et al. (2014)
conducted a similar experiment using differential fluorescent protein labeling to
manipulate the growth rates and inoculating with heterogenous droplets. In this
case, no starting competitive hierarchy led to stable coexistence of all three
strains; in the rock-paper-scissors scenario, only the toxin and resistant strains
survived, while in both other tested hierarchies the resistant strain outcompeted
both others.

36

Figure 10. “Rock-paper-scissors” competitive relationship. Red arrows indicate
competitive dominance in pairwise competition.
Quantitatively measuring the relative competitive fitness of the lineages in
a mixed community is significantly more complex than in a simple two-lineage
competition. Most methods have been developed for plant communities (Grace,
1995) and are well-suited to microbial models. The Relative Neighbor Effect
(RNE), developed by Markham and Chanway (1996) and tested experimentally
by Dormann (2007), describes the effect of the surrounding community in terms
of the plant in question’s growth rate with and without neighbors. Dormann’s RNE
is described as follows:
𝑅𝑁𝐸 =

𝑅𝐺𝑅𝑚𝑖𝑥 − 𝑅𝐺𝑅𝑚𝑜𝑛𝑜
max (𝑅𝐺𝑅𝑚𝑖𝑥 , 𝑅𝐺𝑅𝑚𝑜𝑛𝑜 )

where Relative Growth Rate (RGR) = (Ending dry biomass – starting dry
biomass) and the subscripts mix and mono indicate the presence and absence of
neighboring plants, respectively. This metric allows accurate comparisons of

37

growth between varying communities regardless of higher-order interactions and
may be extended to microbes by substituting cell count for dry biomass.
The complex architecture of a biofilm expands these competitive principles
to spatial structure in three dimensions. In this 3-strain toxin scenario, the
additional freedom to grow vertically over and around competitors allows the
sensitive strain to possibly use the resistant strain as a non-toxic barrier and
escape route to new territory. In turn, this could improve the competitive fitness
relative to growing only with the toxin strain; however, the resistant strain will still
be a potential competitor. This investigation aimed to quantitatively describe the
competitive outcomes in three-strain communities where both chemical warfare
and biofilm formation were active strategies. I hypothesized that in spatially
structured environments with active toxin, the presence of a resistant strain
would increase the abundance of the sensitive strain by providing a physical
barrier against the toxin. Additionally, I hypothesized that complex biofilm
architecture would allow multiple routes for a sensitive strain to avoid toxin and
colonize new territory, thus increasing its overall abundance.

Methods

Strain selection
The same strains transformed with the same fluorescent proteins
described in Chapter II were used in these three-strain competitions. Strains
were assayed for toxin resistance and biofilm characteristics with the same
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methods described in Chapter II, and the selected strains were transformed with
Blue Fluorescent Protein 2 (BFP2) to visually distinguish them (see Table 3 for
characteristics). pFA6a-link-yomTagBFP2-Kan, from which the BFP2 cassette
was derived, was a gift from Wendell Lim & Kurt Thorn (Addgene plasmid #
44899). Within the available strain collections, no strain showing both complex
colony morphology and toxin resistance was found. To generate a strain with the
desired characteristics, a biofilm-forming sensitive strain was mated with a
smooth resistant strain and the resulting clones were assayed for colony
morphology and toxin resistance as described above. The clone showing the
strongest complex colony morphology and toxin resistance was then assayed for
discrepancies in growth rate with natural strains and, when none were found,
was used as the biofilm-forming resistant strain in the investigation.
Strain

Biofilm character

Toxin character

Fluorescent tag

HMY12

Biofilm-forming

Sensitive

mCherry

HMY456

Biofilm-forming

Toxin-producing

GFP

HMY498

Smooth

Resistant

BFP2

HMY535

Smooth

Sensitive

mCherry

HMY536

Biofilm-forming

Resistant

BFP2

HMY541

Smooth

Toxin-producing

GFP

Table 3. Description of the strains assayed, their biofilm characteristics, toxin
characteristics, and fluorescent tags.

Competition assays
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Competition assays were performed in agar and liquid substrates using
similar methods to those described in chapter 1. In this investigation, the primary
goal was to compare two-strain and three-strain communities to each other,
rather than to monocultures. As such, monocultures were not considered a
treatment group, and the presence or absence of a resistant strain was added as
a factor. A full diagram of the treatment groups can be found in Figure 11. In all
three-strain competitions, inoculating solutions were mixed in a 1:1:1 ratio by
volume of overnight culture. The communities were then processed and
photographed using the methods described in the previous chapter. A complete
list of competitions and ratios assayed can be found in Table 4.

Strain 1

Strain 2

Strain 3

Ratios (strain 1:strain 2:strain 3)

HMY12

HMY456

NA

1:1, 1:4, 1:9, 4:1, 9:1

HMY12

HMY536

NA

1:1, 1:4, 1:9, 4:1, 9:1

HMY456

HMY536

NA

1:1, 1:4, 1:9, 4:1, 9:1

HMY498

HMY535

NA

1:1, 1:4, 1:9, 4:1, 9:1

HMY498

HMY541

NA

1:1, 1:4, 1:9, 4:1, 9:1

HMY535

HMY541

NA

1:1, 1:4, 1:9, 4:1, 9:1

HMY12

HMY456

HMY535

1:1:1

HMY498

HMY535

HMY541

1:1:1

Table 4. List of tested strain pairings and the ratios by volume of overnight
culture in their inoculums.

40

Figure 11. Diagram of experimental design. a) Descriptions of factors and their
levels. b) Chart of conditions in each treatment group. Total number of treatment
groups is 32 and total n in all treatment groups is 1,464.
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Determining community effects
Due to the increased complexity of the community, change in frequency of
the sensitive strain in 3-strain competitions was not comparable to the change in
frequency in 2-strain competitions. An appropriate statistic was therefore adapted
from Dormann's (2007) Relative Neighbor Effect (Dormann’s RNE) to allow
meaningful comparison between communities. Dormann’s RNE describes
logarithmically increasing plant biomass, which is theoretically appropriate for
describing the logarithmic growth phase in microbes. However, biofilm formation
in S. cerevisiae does not begin until the community approaches the stationary
growth phase; for this reason, a term describing the changes in the community
as it reaches carrying capacity was substituted for the relative growth rate (RGR)
as follows:
𝑅𝑁𝐸 = ∆𝑓𝑚𝑖𝑥 − ∆𝑓𝑚𝑜𝑛𝑜

where Δf = (ending frequency – starting frequency). As frequency is already
normalized by the total number of cells, no normalizing term was necessary. This
version of the Relative Neighbor Effect incorporating change in frequency (fRNE)
is bounded by (-2, 2) and yields a unitless number describing the relative
difference in frequency at carrying capacity between a monoculture and mixed
community for a given strain. The fRNE does not describe the overall community
composition when the number of strains is greater than 2.
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Statistical Methods
Due to the extremely uneven sample sizes, the same rarefaction and
resampling method described in Chapter II was used to avoid confounding
results. Once again, the desired sample size was set to 15, and all groups with
n>20 were resampled. The same method was used to generate 1000 new
datasets. The data were analyzed in R v3.6.1 using a factorial ANCOVA with
fRNE as the response variable and sensitive strain, substrate type, presence or
absence of resistant strain, and medium as categorical predictor variables and
starting frequency as a covariate. Least-squares means and p-values were
attained using the same methods described in Chapter II. Linear regression
analyses were performed using untransformed, unresampled data.

Results

Comparison of three-strain competitions across growth conditions
The presence of a resistant strain was hypothesized to protect the
sensitive strain from toxin action in spatially structured environments. In
regression analysis, there was an apparent lack of relationship between starting
frequency and ending frequency in both strains under all conditions (Figures 12,
13). This is consistent with findings by Kerr et al. (2002), and Weber et al. (2014)
that the starting frequency of a strain in an inoculum was irrelevant to its ultimate
competitive performance. However, the range of starting frequencies in this set of
analyses was relatively small, with the typical maximum starting frequency
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around 0.3. This made it difficult to determine whether the lack of relationship
was representative of all frequencies, or if it was an artifact. An example
comparison of regressions between two- and three-strain competitions with the
maximum starting frequency cut off at 0.35 in Figure 14. A better metric for
measuring the overall fitness of each strain would be spatial analysis of wholecolony photographs, where the arrangement of the strains and access to new
territory could be compared.
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Figure 12. Regression analysis of starting frequency and ending frequency in the
sensitive strain in three-strain competitions under each treatment condition.
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Figure 13. Least-squares means comparisons of sensitive strain fRNE in threestrain competitions. Contrasts media within substrate (top) and substrates within
medium (bottom). 0 = liquid substrate, 1 = agar substrate. * = p<0.05, ** = p <
0.01, *** = p<0.005.
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Figure 14. Example of regression of starting and ending frequencies in two-strain
(light gray) and three-strain (dark gray) competitions with a starting frequency
cutoff point of 0.35. Slopes and R-squared values are similar.

Comparison of 2- and 3-strain competitions without toxin
Linear regression analysis between starting and ending frequencies
without toxin effect (Figure 15, 16) to determine effects of a third strain on
carrying capacity were somewhat inconclusive and varied greatly between the
sensitive strains measured. This was partially due to the small sample sizes in
the three-strain trials and the smaller ranges of starting frequencies within those
groups. For Strain 12, the change in frequency was much lower with a resistant
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strain than without in all non-toxin conditions. This suggests that in a non-toxin
environment, the relationship between the sensitive and resistant strain was
entirely competitive. Analysis of the fRNEs showed that in liquid culture, there
was no significant difference in overall performance, but on agar the performance
was significantly worse with a resistant strain.
For Strain 535, the results were more ambiguous in liquid conditions.
Regression analysis suggests that at high starting frequencies a resistant strain
leads to a lower change in frequency, but at a low starting frequency it may lead
to a higher change in frequency (Figure 15, 16). This result suggests that even
without active toxin, the toxin-producing strain strongly outcompetes the sensitive
strain, and adding a third strain that less strongly outcompetes it leads to a better
outcome. On agar substrate, Strain 535 was badly outcompeted, and the
relationship between the sensitive and resistant strains shifted to purely
competitive, as with Strain 12. The fRNE of Strain 535 was not significantly
different with or without a resistant strain, except for in LD liquid medium, where it
was very slightly lower with a resistant strain.
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Figure 15. Regressions starting frequency and ending frequency of sensitive
strain without toxin in two- and three-strain competitions. In legend, _0 = resistant
strain absent, _1 = resistant strain present.

Figure 16. Least-squares means comparisons of fRNE of sensitive strain
between two-strain and three-strain competitions in non-toxin conditions. In
legend, _0 = resistant strain absent, _1 = resistant strain present. * = p<0.05, ** =
p < 0.01, *** = p<0.005.

Comparison of 2- and 3-strain competitions with active toxin
Regression analyses comparing the change in frequency under active
toxin conditions suggest a less directly competitive relationship between the
sensitive and resistant strains (Figure 17). The results varied between Strains 12
and 535, but overall the resistant strain appears to increase the change in
frequency when the sensitive strain has a low starting frequency, as indicated
where the 2-strain regression line falls below the 3-strain regression line.
Comparisons between the fRNEs in two- and three-strain competitions generally
revealed significantly higher fRNEs with the presence of a resistant strain than
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without. The exception to this was the agar competitions for strain 535, which
performed so poorly that no meaningful trends could be distinguished.
In Strain 12, the resistant strain appeared especially beneficial on agar
substrate with no biofilm formation. However, when biofilm formation was
induced, the benefit noticeably decreased (Figure 18). Substrate type played an
important part in determining the fitness effects of both biofilm formation and
resistant strain presence. In liquid, the fRNE was higher with a resistant strain
regardless of high or low dextrose content; however, on agar, the fRNE was not
significantly different on the low-dextrose medium. This indicates that the benefit
provided by biofilm formation outweighs the benefit provided by the presence of a
resistant strain. For Strain 535, there was no difference between 2- and 3-strain
competitions in low-dextrose medium regardless of substrate, but the fRNE was
significantly higher in the high-dextrose medium for both liquid and agar
substrates. This is likely due to Strain 535’s decreased competitive strength
overall, where lack of nutrients would slow the growth rate so much that the
effect of toxin would not be obvious.
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Figure 17. Regression analysis sensitive strain starting and ending frequencies
in two- and three-strain colonies in toxin conditions. In legend, _0 = resistant
strain absent, _1 = resistant strain present.

Figure 18. Least-squares means comparisons of fRNE of sensitive strain
between two-strain and three-strain competitions in toxin conditions. In legend,
_0 = resistant strain absent, _1 = resistant strain present. * = p<0.05, ** = p <
0.01, *** = p<0.005.
It is unclear whether the increase in fRNE in three-strain competitions is
due to a true protective effect, or whether the increase was due simply to a
decrease in the frequency of the toxin-producing strain. In Strain 12 with toxin
action, the fRNE was higher with a resistant strain present regardless of
substrate, the fRNEs in the three-strain competitions for each medium were not
significantly different between liquid and agar substrates (Figures 19, 20). This
suggests that spatial structure is not closely related to the improved performance
of the sensitive strains. To attempt to separate the effects of decreased toxin
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strain frequency from any potential protective effects, the fRNE of the sensitive
strain was regressed against the starting frequency of the resistant strain (Figure
21). Additionally, two linear models were constructed using only with data from
the 3-strain competitions. One was identical to the model used in the ANCOVA
mentioned above, and the other contained the frequency of the resistant strain as
an additional continuous predictor. The adjusted R-squared and residual error of
the models were then compared for goodness of fit (Table 5). The model
containing the resistant starting frequency had a slightly lower R-squared and a
slightly higher residual error, but both were well-fitting and the difference was
negligible.
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Figure 19. Regression analysis of fRNE and the starting frequency of the
resistant strain.
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Table 5. Comparison of models not including and including the starting frequency
of the resistant strain, respectively.

Discussion

This investigation aimed to determine the role of a third, resistant strain in
the composition of a community containing a toxin-producing strain and a
sensitive strain in both well-mixed and spatially structured environments. It was
hypothesized that the resistant strain would have a protective effect on the
sensitive strain by passively forming discrete areas physically separated from the
toxin-producing strain. However, the experimental results showed a different
dynamic was at play. In non-toxin environments, the resistant strain acted purely
as a competitor and the fRNE of the sensitive strain was generally lower than in
two-strain competitions. In toxin environments, the fRNE of the sensitive strain
was generally higher in the three-strain competitions than in the two strain,
suggesting a possible protective effect. However, this difference was present in
both liquid and agar substrates, indicating that the sensitive strain’s increased
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fitness was not due to spatially mediated “escape routes”, but rather the
decreased frequency of the toxin-producing strain.
The analysis of this data led to the realization that in three-strain
competitions, the metrics chosen in this investigation may not capture the
dynamic of the community in a meaningful way. In spatially structured
communities, the arrangement of patches of cells is an important factor in
determining the growth patterns as the community expands. Thus, cell-level
metrics such as change in frequency do not reliably reflect the state of the strain
as a whole in the community. As such, spatial analysis is a necessary aspect of
studying these communities. Future investigations will include whole-colony
image analysis and landscape metrics to more accurately describe the assembly
of these communities.
Relatively little research has focused on the assembly dynamics of multilineage microbial communities, and most of this has been conducted in wellmixed liquid cultures rather than the spatially structured environments more
commonly found in nature. Virtually no literature exists concerning the
intersection of these dynamics with competitive strategies such as biofilm
formation and killer toxin production. In the course of this investigation, the
interactions occurring in these communities were revealed to be much more
complex than predictions based on two-strain competitions would indicate.
Spatial ecology seems to be an important tool for understanding these
communities, along with detailed cell-level metrics. The results of this
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investigation suggest that there is an immense body of knowledge to be
uncovered in future research concerning multi-lineage microbial communities.
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Conclusions

This series of investigations set out to characterize the complex
interactions that occur in multi-lineage Saccharomyces cerevisiae communities.
The effects of spatial structure, toxin production, biofilm formation, and
phenotypic variation in community assembly and composition were all surveyed.
Spatial structure was strongly influential on the final community composition, and
the success of toxin as a competitive strategy was linked to the level of spatial
organization in the environment. In the tests of the effect of phenotypic variation,
the results were quite different from expectations, illuminating how little is actually
understood about these communities. In future investigations, the spatial
structure of these three-strain colonies should be analyzed to create a more
thorough picture of the community dynamics. This should include analysis of
edge dominance, patch size and arrangement, and perimeter contact with other
strains. Additionally, the predictability of competitive outcomes in spatially
structured environments based on liquid growth rates and carrying capacity
would provide further information on the effect of spatial structure. More
generally, further research using these results could involve comparisons
between multiple strains, variation in biofilm formation phenotype between
communities, and trials on a range of substrates including liquid-air interfaces
and low-agar media.
As stated by Boynton (2019), there is a serious need for further study of
these ecologically and evolutionarily important phenomena. This investigation
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both contributed to that body of knowledge and highlighted the need for further
research. Ultimately, further study of complex microbial communities will provide
new insights into fundamental ecological processes and create new avenues for
basic research and applied innovation.
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